ABSTRACT: Cell-based tissue engineering is limited by the size of cell-containing constructs that can be successfully cultured in vitro. This limit is largely a result of the slow diffusion of molecules such as oxygen into the interior of three-dimensional scaffolds in static culture. Bioreactor culture has been shown to overcome these limits. In this study we utilize a tubular perfusion system (TPS) bioreactor for the three-dimensional dynamic culture of human mesenchymal stem cells (hMSCs) in spherical alginate bead scaffolds. The goal of this study is to examine the effect of shear stress in the system and then quantify the proliferation and differentiation of hMSCs in different radial annuli of the scaffold. Shear stress was shown to have a temporal effect on hMSC osteoblastic differentiation with a strong correlation of shear stress, osteopontin, and bone morphogenic protein-2 occurring on day 21, and weaker correlation occurring at early timepoints. Further results revealed an approximate 2.5-fold increase in cell number in the inner annulus of TPS cultured constructs as compared to statically cultured constructs after 21 days. This result demonstrated a nutrient transfer limitation in static culture which can be mitigated by dynamic culture. A significant increase (P < 0.05) in mineralization in the inner and outer annuli of bioreactor cultured 4 mm scaffolds occurred on day 21 with 79 AE 29% and 53 AE 25% mineralization area, respectively, compared to 6 AE 4% and 19 AE 6% mineralization area, respectively, in inner and outer annuli of 4 mm statically cultured scaffolds. Surprising lower mineralization area was observed in 2 mm bioreactor cultured beads which had the highest levels of proliferation. These results may demonstrate a relationship between scaffold position and stem cell fate. In addition the decreased proliferation and matrix production in statically cultured scaffolds compared to bioreactor cultured constructs demonstrate the need for bioreactor systems and the effectiveness of the TPS bioreactor in promoting hMSC proliferation and differentiation in three-dimensional scaffolds.
Introduction
Tissue engineering exists as a promising treatment for bone injuries that fail to heal through endogenous repair mechanisms, however, in vitro culture of three-dimensional tissue engineering constructs remains a challenge. Bioreactor systems are an important technology to improve this in vitro culture and increase the feasibility of cell-based tissue engineering strategies. Many different bioreactors systems have been previously studied for bone tissue engineering including spinner flasks (Kim et al., 2007; Meinel et al., 2004; Sikavitsas et al., 2002; Wang et al., 2009) , rotating wall bioreactors (Botchwey et al., 2001; Sikavitsas et al., 2002) , and perfusion systems Grayson et al., 2010; Sikavitsas et al., 2003) . In this study, we utilize a tubular perfusion system (TPS) bioreactor, a simple, modular bioreactor system, which has previously been demonstrated to enhance proliferation and late osteoblastic differentiation of human mesenchymal stem cells (hMSCs; Yeatts and Fisher, 2011b) .
In traditional static culture of three-dimensional scaffolds nutrient gradients arise leading to non-homogenous cell growth and differentiation (Volkmer et al., 2008) .
Bioreactor systems enhance cell culture through the creation of a dynamic environment that delivers oxygen and nutrients to cells while exposing them to shear stress. Advantages to using bioreactors for the culture of threedimensional scaffolds are twofold. First through increased nutrient transfer bioreactor systems can support increased cell growth. Cell death can be observed on the interior of scaffolds as little as 200 mm from the scaffold surface (Gomes et al., 2003; Ishaug et al., 1997; Martin et al., 2004; Volkmer et al., 2008; Yu et al., 2004) . This cell death occurs as oxygen and other nutrients do not diffuse into scaffolds quickly enough to replace those being used in cell respiration. Lack of oxygen (hypoxia) and lack of nutrients limit both the ability of cells to survive and to differentiate, which leads to a non-homogeneous cell and matrix distribution (Malda et al., 2007) . Bioreactor culture has been used to overcome these limitations (Rodrigues et al., 2011; Yeatts and Fisher, 2011a) . Second, bioreactors typically expose cells to fluid shear stress, an important stimulus for hMSC osteoblastic cell differentiation (Gomes et al., 2003; Holtorf et al., 2005; Janssen et al., 2010; Kapur et al., 2003; Kreke et al., 2005; Li et al., 2009; McCoy and O'Brien, 2010; Sikavitsas et al., 2005; Stolberg and McCloskey, 2009; Yeatts and Fisher, 2011a) .
While bioreactors can regulate shear stress and oxygen concentration to some extent, it is possible exposure varies between cells in different regions of the scaffold. Differing oxygen and shear levels could influence stem cell proliferation and differentiation. While shear is commonly thought to stimulate osteoblastic differentiation, the role of oxygen is less clear. Low oxygen and nutrient levels lead to significant cell death (Potier et al., 2007b) , however, hMSCs cultured at 2% oxygen levels had increased proliferation and differentiation levels compared to hMSCs cultured at 20% oxygen (Grayson et al., 2007) . Other studies found low oxygen levels to have inhibitory effects on osteoblastic differentiation (Iida et al., 2010; Malda et al., 2007; Potier et al., 2007a; Utting et al., 2006) .
Based on the influence of oxygen and shear on stem cell development we investigate in this study how spatial positioning of hMSCs within a scaffold influences cell fate. To this end the study first aims to evaluate the effect of shear stress on osteoblastic differentiation in the TPS bioreactor. Second the study aims to evaluate the effect of dynamic culture on the proliferation of hMSCs as a function of radial distance in the scaffold. The final aim of the study is then to compare osteoblastic differentiation of cells present on the exterior annulus of the scaffold to cells on the interior annulus.
Materials and Methods
Human Mesenchymal Stem Cell Culture hMSCs (Lonza, Walkersville, MD) were expanded prior to the study in control media consisting of DMEM (Gibco, Carlsbad, CA) supplemented with 10% fetal bovine serum (Gibco), 1.0% v/v penicillin/streptomycin (Gibco), 0.1 mM non-essential amino acids (Gibco), and 4 mM L-glutamine (Gibco) using protocols set forth by the manufacture and previously described Chen et al., 2010; Yeatts and Fisher, 2011b; Yeatts et al., 2011) . hMSCs were expanded on tissue culture polystyrene flasks with media changes every 3 days according to the manufacture's specifications. Cells were stored in a cell culture incubator at 378C and 5% CO 2 and passaged every 6-7 days using trypsin/EDTA (Lonza). Osteogenic media was formulated as described in the literature by supplementing control media with 100 nM dexamethasone (Sigma, St. Louis MO), 10 mM b-glycerophosphate, and 173 mM ascorbic acid (Sigma; Betz et al., 2010; Chen et al., 2010) .
Alginate Bead Fabrication and Cell Seeding
Alginate beads were fabricated as described previously in the literature (Yoon and Fisher, 2008; Yoon et al., 2007) . Alginate solution (Sigma) was sterilized via sterile filtration then mixed with a cell pellet containing hMSCs. Beads were seeded at a concentration of 4 Â 10 6 cells/mL. This solution was added dropwise by syringe to a 0.10 M calcium chloride solution, in which the alginate was ionically cross-linked into beads. A 20 gauge syringe was used to create large beads and beads for shear stress study while a 30 gauge syringe was used to create small control beads. The solution was stirred for 15 min. The calcium chloride solution was then removed and the beads rinsed in control media. Beads were then transferred to six well plates for control groups or TPS bioreactor growth chambers for experimental groups.
Identification of Discrete Bead Layers
In order to develop a calibration curve for annuli isolation beads were immersed in 3 mL of 0.025 M EDTA. Crosssectional areas were measured at 5 min time points using Image J software (NIH, Bethesda, MD) based on an image of a bead taken with an Axiovert 40 CFL with filter set 23, (Zeiss, Thornwood, NY) equipped with a digital camera (Diagnostic Instruments 11.2 Color Mosaic, Sterling Heights, MI). A calibration curve was constructed in order to determine the dissolution time to divide the scaffold into two annuli equal in radius. The calibration curve had an R 2 -value of 0.98. Based on the calibration curve 18 min was determined as the dissolution time to achieve two equal radii as the dissolution value was 49.4 AE 4.9% at 18 min.
hMSC Isolation From Discrete Bead Layers
In order to isolate beads from specific annuli beads were placed into a 12-well plate and 1.0 mL of 0.025 M EDTA was added. Beads were dissolved for 18 min as determined by the calibration curve. EDTA, now with suspended cells, was removed and placed into a centrifuge tube (Fig. 1) . The well was washed with 1.0 mL of phosphate buffered saline (PBS). Beads were moved to a new well containing 1.0 mL of 0.025 M EDTA for the next dissolution. Centrifuge tubes were spun at 5,000Âg for 5 min to isolate the cell pellet. To isolate cells from entire scaffold 0.025 M EDTA was added and beads were entirely dissolved and pellets isolated as previously described.
Bioreactor Design
Bioreactor culture was completed in the TPS bioreactor as described previously (Yeatts and Fisher, 2011b; Yeatts et al., 2011) . Briefly a tubing circuit comprised primarily of platinum-cured silicone tubing (Cole Parmer, Vernon Hills, IL) and PharMed BPT tubing (Cole Parmer) for the section that passes through the pump connected a growth chamber to a media reservoir (Fig. 2) . The entire tubing circuit was sterilized via autoclave. The growth chamber was composed of platinum-cured silicone (ID of 1/4'') and contained the tightly packed alginate scaffolds. Media was pumped through the recirculating system using a peristaltic pump (Cole Parmer) at 1.0 mL/min for annuli studies and 3.0 mL/min for shear stress studies. The entire system was placed in an incubator at 378C for the duration of the study. Forty milliliters of osteogenic media was loaded into separate 125 mL Erlenmeyer flask reservoirs for each growth chamber topped with rubber stoppers. Media was withdrawn and replaced from the reservoir through two tubes that penetrate the stopper and changed every 3 days.
Modification of Shear Stress
In order to analyze shear stress in the system 70,000 MW dextran (Sigma) was added to the media. Dextran was chosen as a thickening agent as it has previously been shown to not affect hMSC proliferation and differentiation (Li et al., 2008 (Li et al., , 2009 ). The shear stress study consisted of three groups all cultured in osteogenic media. The first group with zero shear was cultured in static culture. The second group was cultured in the TPS bioreactor at 3 mL/min in media supplemented with 3% dextran yielding a media viscosity of 1.66 AE 0.05 mPA S. The third group was cultured in the TPS bioreactor at 3 mL/min in media supplemented with 9% dextran yielding a media viscosity of 4.21 AE 0.03 mPA S. Surface shear stress was then calculated using a twodimensional steady state Navier-Stokes model of the TPS developed using COMSOL Multiphysics Version 3.5 (COMSOL, Burlington, MA; Yeatts and Fisher, 2011b) .
Experimental Setup
In order to determine the effect of shear stress on hMSC osteoblastic differentiation a shear stress study was completed using the entire 4 mm bead. This study consisted of three groups, a static group and two bioreactor groups with dextran added as a thickening agent to change shear while not affecting nutrient transfer. The samples were analyzed for late osteoblastic marker osteopontin (OPN) at days 14 and 21 and osteogenic signaling protein bone morphogenetic protein-2 (BMP-2) on days 1, 4, 8, 14, and 21.
In order to determine hMSC growth and osteoblastic differentiation in relation to radial position the cells were isolated from the outer 2 mm radius (outer) and inner 2 mm radius (inner) of alginate beads. These beads were cultured in the TPS bioreactor and compared to a static control. In addition small beads equal to the inner bead size were cultured in the TPS bioreactor and static culture as a control. All samples were cultured in osteogenic media. These samples were analyzed at days 1, 7, 14, and 21 for ALP and mineralization and at days 7, 14, and 21 for proliferation and late osteoblastic differentiation using marker OPN. 
Live/Dead Assay
Five beads each cultured in control media were dissolved for 18 min as determined previously in order to isolate cells from discrete layers. After each time point, beads were immediately removed from the EDTA solution and immersed in live dead solution containing 2 mM ethidium homodimer and 4 mM calcein AM (Invitrogen, Carlsbad, CA) for 30 min. Fluorescent images were then taken using a fluorescent microscope (Axiovert 40 CFL with filter set 23, Zeiss) equipped with a digital camera (Diagnostic Instruments 11.2 Color Mosaic) for the live/dead assay, as described previously (Yeatts and Fisher, 2011b; Yeatts et al., 2011) .
DNA Quantification
DNA was extracted at each time point and quantified using pico green as previously described (Yeatts and Fisher, 2011b) . Cell pellets were isolated from the two annuli as well as from small beads cultured as a control. Isolated cell pellets were resuspended in PBS and DNA isolated using a DNeasy Tissue Kit (Qiagen, Valencia, CA) following standard protocols. Double stranded DNA was then quantified using Quant-iT PicoGreen dsDNA reagent (Molecular Probes, Carlsbad, CA), incubated for 5 min in the dark and fluorescence measured using an M5 SpectraMax plate reader (Molecular Devices, Sunnyvale, CA) with excitation/ emission of 480/520 nm. All samples were performed in triplicate (n ¼ 3).
Histomorphometric Analysis
At each timepoint beads were collected and fixed in 4% paraformaldehyde (Sigma) and 0.1 M sodium cacodylate (Sigma) buffer containing 10 mM CaCl 2 at pH 7.4 for 4 h at room temperature. Following fixation, the beads were placed in cassettes and washed with 0.1 M sodium cacodylate buffer and 10 mM CaCl 2 at pH 7.4 at room temperature for 24 h. The beads were then dehydrated for histological processing by ethanol washes followed by two citrisolv (Fisher Scientific, Pittsburgh, PA) washes. The samples were then embedded in paraffin (Fisher Scientific) and sectioned to 5 mm thickness sections and placed on glass slides. Sections were taken from the same position in each sample for histomorphometric analysis. Sections were oven dried at 648C for 2h, deparaffinized in citrisolv, and rehydrated in ethanol. Von Kossa staining was performed to visualize mineralization using a Nuclear Fast Red (Poly Scientific, Bay Shore, NY) counterstain using standard protocols.
For histomorphometric analysis images the entire sample were taken using the Axiovert 40 CFL microscope equipped with a digital camera. Images were divided into inner and outer annuli for large beads using diameter measurements. Using Image J 1.44p (NIH) images were converted to binary where the dark Von Kossa stain represented mineralized area. Black area was calculated as percent of total area to represent mineralization percent.
Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR)
Cell pellets were isolated as described previously. RNA was extracted using an RNeasy mini plus kit (Qiagen) following standard protocols. The isolated RNA was then reverse transcribed to cDNA using a High Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA). The expression of BMP-2 (Taqman Assay ID: Hs00154192_m1; only shear study), OPN, (Hs00960641_m1; all studies) and alkaline phosphatase (ALP, Hs00758162_m1; only for annuli study) was analyzed with glyceraldehyde-3-phosphate dehydrogenase (GAPDH, Hs00960641_m1) as an endogenous control gene for all samples. The sequences are propietary. Gene expression assays (Applied Biosystems) were combined with the cDNA to be analyzed and Taqman PCR master mix (Applied Biosystems). The reaction was performed on a 7900HT real time PCR System (Applied Biosystems) using thermal conditions of 2 min at 508C, 10 min at 958C, and 40 cycles of 15 s at 958C and 1 min at 608C. The relative gene expression level of each target gene was then normalized to the mean of the GAPDH in each group. Fold change was calculated using the DDCT relative comparative method as described previously (Kim et al., 2009; Yoon et al., 2009 ). Samples were evaluated in triplicate and standard deviations are reported (n ¼ 3).
Statistical Analyses
All samples were completed in triplicate (n ¼ 3). Data was analyzed using single factor ANOVA followed by Tukey's multiple comparison test assuming normal data distribution with a confidence of 95% ( P < 0.05). Mean values of triplicates and standard deviation error bars are reported on each figure as well as relevant statistical relationships.
Results

Effect of Shear Stress on Late Osteoblastic Differentiation and BMP-2 Expression
An investigation was completed to determine the effect of shear on osteoblastic differentiation. Osteogenic signaling protein BMP-2 was analyzed at days 1, 4, 8, 14, and 21 (Fig. 3a) . (Fig. 3b) . This trend strengthened by day 21 when a fold change of 1.26/dyne/cm 2 was observed. These results demonstrate a strong time dependent effect of shear stress. . Day 1, 4, and 8 BMP-2 data is normalized to day 1 zero shear, day 14 and 21 BMP-2, and OPN data is normalized to day 14 zero shear. Expression levels of BMP-2 and OPN are dependent on shear stress with higher shear stresses correlating to greater expression levels. The magnitude of this increase becomes stronger at later timepoints.
Following this
study, an investigation was completed to analyze the effect of hMSC radial position in scaffolds on hMSC osteoblastic differentiation and proliferation.
hMSC Proliferation in Discrete Layers
Based on live dead staining of entire bead, inner annuli, and small bead nearly all cells were viable throughout the alginate beads after 1 day of culture. Dead cells were not observed (Fig. 4) . On day 7 proliferation remained comparable in all groups except for bioreactor cultured small beads which had significantly higher ( P < 0.05) levels of DNA (Fig. 5) . By day 14 a sharp decrease in proliferation could be observed in the inner annulus of control beads while the highest proliferation continues to be observed in the bioreactor small beads. On day 21 significantly ( P < 0.05) higher proliferation was observed in bioreactor cultured beads as compared to control beads of the same size. DNA concentration in the outer and inner annuli of bioreactor cultured beads was 3.82 AE 0.31 and 3.33 AE 0.58 ng/mm 3 , respectively. This was significantly higher ( P < 0.05) compared to the outer and inner annuli of statically cultured beads which were 1.59 AE 0.34 and 1.24 AE 0.22 ng/mm 3 , respectively. Bioreactor small beads had the highest DNA amount at 5.55 AE 0.82 ng/mm 3 . Statically cultured small beads had a lower DNA amount at 3.15 AE 0.64 ng/mm 3 . This amount is lower but statistically similar ( P > 0.05) to bioreactor cultured large beads.
hMSC Differentiation and Matrix Production in Discrete Layers
ALP was used as a marker of early osteoblastic differentiation. The earliest peaks in ALP expression were observed in the control beads indicating they may be differentiating more rapidly than bioreactor cultured beads (Fig. 6) . By day 21 the highest expression levels were observed in the inner annuli of bioreactor cultured beads with a fold change of 5.85 AE 0.41 as compared to day 1 control inner. The inner annuli of control beads also exhibited high expression levels with a 3.54 AE 0.08 fold change compared to the same group. Interestingly low expression was observed in the bioreactor outer and bioreactor small groups with expression levels of 0.34 AE 0.04 and 0.82 AE 0.06, respectively.
Following this an analysis of osteoblastic differentiation marker OPN was completed. As OPN is a late osteoblastic marker low levels were observed on days 7 and 14 (Fig. 7) . By day 21 expression of OPN began to increase in some groups with the highest levels observed in the inner annuli of bioreactor cultured beads. This group exhibited a fold change of 12.31 AE 1.47 as compared to day 7 control inner. The outer annuli of the bioreactor cultured beads exhibited a significantly ( P < 0.05) lower fold change of 4.55 AE 0.32. Control groups exhibited low day 21 levels of 1.45 AE 0.41 and 1.37 AE 0.54 for the outer and inner annuli, respectively. The control small group was slightly but statistically To analyze mineralized matrix production, another marker of late osteoblastic differentiation Von Kossa staining was quantified using a histomorphometric analysis (Fig. 8) . Surprisingly higher levels of staining were observed in the control small group on days 7 and 14 while other groups do not show large increases in mineralization until day 21. On day 21 significantly higher ( P < 0.05) amounts of mineralization were observed in the inner annuli of bioreactor cultured beads with 79 AE 29% mineralization. High levels of mineralization were also observed in the outer annuli of bioreactor cultured beads with 53 AE 25% mineralization. The control small exhibited similar levels of mineralization at 53 AE 22% mineralization. Low levels of mineralization were observed in the large control beads with only 19 AE 6% and 6 AE 4% mineralization area for the outer and inner sections, respectively. Surprisingly, the bioreactor small beads also had low levels of mineralization with 11 AE 9% mineralization. Representative images in Figure 9 illustrate these trends.
Discussion
The overall goal of this study was to determine how external culture conditions including shear stress and nutrient transfer affect hMSCs proliferating and differentiating in the TPS bioreactor as compared to static controls. The first part of the study focused on the role of shear stress in the osteoblastic differentiation of bioreactor cultured beads. Shear stress is commonly thought to induce osteoblastic differentiation in perfusion systems (Gomes et al., 2003; Holtorf et al., 2005; Janssen et al., 2010; Kapur et al., 2003; Kreke et al., 2005; Li et al., 2009; McCoy and O'Brien, 2010; Sikavitsas et al., 2005; Stolberg and McCloskey, 2009; Yeatts and Fisher, 2011a) . Shear can be isolated from mass transport in a perfusion system using a thickening agent to change media viscosity. In this manner increasing shear has been demonstrated to increase mineralization in rat BMSCs and upregulate osteoblastic differentiation in hMSCs (Li et al., 2009) . Though increasing flow rate was previously shown to upregulate osteoblastic markers in the TPS bioreactor, shear stress was not isolated and specifically investigated (Yeatts and Fisher, 2011b) . In addition the TPS bioreactor utilizes bulk hydrogels rather than porous scaffolds used in previous bioreactor shear studies. Thus the direct effect of surface shear stress on encapsulated cells was previously unknown. It was discovered that increasing shear in the system led to an increase in late osteogenic marker OPN and osteogenic signaling Figure 9 . Representative images of bioreactor cultured large beads, statically cultured large beads, bioreactor cultured small beads, and statically cultured small beads.
Scale bar represents 1,000 mm. Note increased calcium staining on day 21 and the highest overall percentage of calcified area in the bioreactor large bead on day 21. [Color figure can be seen in the online version of this article, available at wileyonlinelibrary.com] protein BMP-2 (Fig. 3) . Interestingly, the effect of shear on OPN expression was temporal in nature with a greater correlation occurring at day 21 than on day 14. Though shear has previously been observed to upregulate osteoblastic differentiation of hMSCs, to our knowledge this is the first observation of a temporal correlation of this effect in a bioreactor system. This result was also observed when analyzing BMP-2 expression as minimal correlation is observed at days 1, 4, and 8, but a strong correlation is observed on day 21. Following previous work, shear stresses were calculated at the surface of the bead equaling 1.63 AE 0.13 dynes/cm 2 for the 3% dextran media and 4.13 AE 0.34 dynes/cm 2 for the 9% dextran media (Yeatts and Fisher, 2011b) . Flow rate through the bead can be related to the permeability of alginate (1.2 AE 0.1 Â 10 À12 cm 2 ; Hwang et al., 2010) using Darcy's law in permeability (Hwang et al., 2010; Truskey et al., 2004) where permeability ¼ (QuL)/(A(DP)) where Q is the flow rate, u the dynamic viscosity of the media, L the diffusion length, A the surface area of the bead, and DP is the change in pressure across the bead. Using the pressures in the system calculated from the COMSOL model (Yeatts and Fisher, 2011b) and assuming bead homogeneity, flow rate through a 4 mm crosssection of the large bead was calculated to be approximately 3 Â 10 À7 mL/min. As shear is proportional to the change in velocity and the flow rate in the bead (3 Â 10 À7 mL/min) is 10 7 lower than the flow rate at the surface (3 mL/min), we can conclude that shear stresses will be reduced by similar amounts on the interior portions of the bead assuming a no slip condition at the surface. Therefore, we speculate the effects of shear stress likely result from cells in the inner core of the bead responding to paracrine signals released from cells on the surface of the bead, however, prolonged exposure of cells in the core of the bead to these small shear stresses could also impact cellular responses.
In the second part of the study the role of the cellular position in a scaffold as it relates to cell proliferation was investigated. The objective of this part of the study was to determine if nutrient transfer limitations were occurring and what role the TPS bioreactor had on these limitations. Nutrient and oxygen levels must be kept at sufficient levels throughout a three-dimensional construct in order for cells to remain viable. The effect of oxygen concentration on hMSC proliferation has been previously investigated (Potier et al., 2007b) . It was reported that hMSCs can survive low oxygen levels for up to 48 h, but if the low oxygen levels are combined with nutrient deprivation, significant cell death occurs. Based on proliferation data in this study it can be concluded that hMSCs in large (4 mm diameter) static cultured scaffolds are proliferating at lower rates than cells in bioreactor culture (Fig. 5) . This was likely caused by a deprivation of nutrients and oxygen to cells in these scaffolds. Day 21 DNA amount is over twice as high in bioreactor groups as compared to static control groups. The decrease in proliferation was most significant in the inner annuli of statically cultured large beads in which nearly a 50% drop in DNA amount is observed from day 7 to 21. These results are further supported when the small bead control is taken into account. Just as dynamic culture mitigates diffusion limitations, increasing the surface area to volume ratio of scaffolds through decreased size also mitigates this limitation. Thus small (2 mm diameter) static control beads had increased proliferation as compared to large statically cultured beads. Bioreactor cultured small beads had the highest levels of proliferation. These results highlight the need for bioreactor systems for the culture of tissue engineering constructs to avoid cell death resulting from hypoxia.
Finally, in vitro osteoblastic differentiation was analyzed as another key aspect of a cell-based tissue engineering strategy. The objective of this final part of the study was to determine if scaffold radial position influenced hMSC osteoblastic differentiation. It is hypothesized that radially dependent differentiation will be influenced by two factors, shear stress (as discussed earlier) and oxygen content. The effect of oxygen content on stem cell osteoblastic differentiation is conflicted in the literature as increased proliferation and differentiation of hMSCs have been reported upon exposure to low (2% oxygen) conditions (Grayson et al., 2007) . A similar result has been observed in rat MSCs as cells cultured under 5% oxygen conditions increased in proliferation and differentiation as compared to 20% oxygen conditions. However it has been demonstrated previously that low oxygen concentrations can inhibit bone formation and in vitro osteoblastic differentiation (Iida et al., 2010; Malda et al., 2007; Potier et al., 2007a; Utting et al., 2006) . In hMSCs it was observed that even short-term (48 h) hypoxia caused a down regulation in several osteoblastic factors and markers (Potier et al., 2007a) . In a study with rat osteoblasts sufficient oxygen was found as a requirement for bone growth as hypoxic conditions (2% oxygen) resulted in a downregulation of ALP and osteocalcin as well as an 11-fold decrease in mineralized bone (Utting et al., 2006) . Knowledge of the culture environment is critical as divergent cellular pathways of MSC differentiation and proliferation have previously been reported in the literature (Augello and De Bari, 2010; Bianco et al., 1993; Kolf et al., 2007) . MSCs may directed down a specific pathway by physical factors in their environment (Augello and De Bari, 2010) . Wnts have been demonstrated to be crucial in the modulation of these pathways (De Boer et al., 2004; Kolf et al., 2007) and may be regulated via other signaling pathways including BMP-2 (Boland et al., 2004) . BMP-2 has been shown to enhance to stem cell differentiation and promote osteogenesis (Bessa et al., 2008a (Bessa et al., , 2008b Betz et al., 2008) and was measured in the first part of the study because of its strong association with bone formation.
This work supports findings that static culture of large constructs leads to reduced osteoblastic differentiation as large bead static control groups failed to express elevated levels of late osteoblastic marker OPN (Fig. 7) . These groups also produced low levels of mineralization further indicating an inhibition of osteoblastic differentiation in these groups. It is likely the observed decrease in proliferation in large control groups also results in less mineralization. These findings demonstrate the critical need for sufficient oxygen and nutrient transport during the three-dimensional culture of hMSCs.
Interestingly low levels of mineralization were observed in the bioreactor cultured small beads. These beads exhibited the highest levels of proliferation, but mineralization levels were similar to that of large control beads. In addition OPN levels and mineralization percent were higher on the interior annulus of bioreactor cultured beads than the exterior annulus. The combination of these results with the observed increases in proliferation of cells in the exterior annulus of large beads and small beads of bioreactor cultured scaffolds could indicate the hMSCs being directed toward a proliferative pathway when more directly exposed to shear stress at the scaffold surface. In this manner the scaffold position could be altering the time course of differentiation by promoting a longer proliferation stage rather than differentiation and subsequent mineralization. Though the bioreactor smalls bead are not significantly mineralized in 21 days, OPN expression begins to rise on day 21 indicating these cells are undergoing late osteoblastic differentiation. This effect could result from two factors or a combination thereof. First, oxygen levels and shear vary throughout the scaffold (Yeatts and Fisher, 2011b ) and the oxygen content and shear levels could be optimal for proliferation closer to the surface of the scaffold and differentiation closer to the center. Second the higher level of mineralization observed on the interior of bioreactor cultured large beads could result from signaling molecules released by cells on the exterior portions of scaffolds. We speculate exposure to shear stress may be inducing these cells to release factors that signal cells on the interior portion of the scaffolds to differentiate, while the cells directly exposed to shear and higher nutrient concentration follow a proliferative pathway. These results demonstrate the ability of the TPS bioreactor to both promote an osteoblastic differentiation pathway or a proliferative pathway prior to osteoblastic differentiation depending on culture conditions. This study demonstrates the critical need for bioreactor systems in three-dimensional cell culture. Reduced proliferation and differentiation were observed in 4 mm statically cultured constructs and the ability of the TPS bioreactor to mitigate these results in three-dimensional scaffolds was demonstrated. Osteoblastic differentiation and shear results demonstrate shear stress to induce a temporal and potentially indirect effect on hMSC osteoblastic differentiation. Bioreactor systems provide a complex environment and when evaluated on a cellular level can deliver an array of culture conditions to cells cultured in the same macro environment. This can lead to a multitude of outcomes on the individual cell level. Thus while bioreactor systems are vital to provide sufficient nutrients to prevent cell death they must be thoroughly evaluated to identify optimal culture conditions for the desired differentiation level prior to implantation.
Conclusions
This study demonstrated shear stress as a potent and temporal stimulus of hMSC osteoblastic differentiation within bulk scaffolds. Mineralization and proliferation levels were decreased in statically cultured constructs highlighting a need for bioreactor systems. In addition it was discovered that hMSC spatial position within scaffolds had an effect on both the osteoblastic differentiation and proliferation of these cells. These results could be used to tailor a flow and shear regime for either expansion or differentiation of a stem cell population to dictate the desired outcome of in vitro culture.
